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Epidemiological transmission chains of Salmonella, Escherichia or Yersinia have 33 been reconstructed with the help of single nucleotide polymorphisms (SNPs) 34 from hundreds or even thousands of core genomes (Zhou et al. 2013; Zhou et 35 al. 2014; Langridge et al. 2015; Connor et al. 2016; Dallman et al. 2016; Wong 36 et al. 2016; Ashton et al. 2017; Waldram et al. 2017; Worley et al. 2018; Alikhan 37 et al. 2018; Zhou et al. 2018c; Johnson et al. 2019) . However, the scale of these 38 studies pales in comparison to the numbers of publicly available archives 39 (SRAs) of short read sequences of bacterial pathogens which have been 40 deposited since the recent drop in price of high throughput sequencing 41 related genetic clusters. Since 2014, EnteroBase 48 (https://enterobase.warwick.ac.uk) has attempted to address this gap for 49 selected genera that include bacterial pathogens (Table 1) . EnteroBase provides 50 an integrated software platform (Fig. 1 ) that can be used by microbiologists with 51 limited bioinformatic skills to upload short reads, assemble and genotype 52 genomes, and immediately investigate their genomic relationships to all natural 53 populations within those genera. These aspects have been illustrated by recent 54 publications providing overviews of the population structures of Salmonella 55 (Alikhan et al. 2018) and Clostridioides (Frentrup et al. 2019 ), a description of 56 the GrapeTree GUI (Zhou et al. 2018a ) and a reconstruction of the genomic 57 history of the S. enterica Para C Lineage (Zhou et al. 2018c ). However, 58 EnteroBase also provides multiple additional features, which have hitherto 59 largely been promulgated by word of mouth. Here we provide a high-level 60 overview of the functionality of EnteroBase, followed by exemplary case studies 61 of Salmonella enterica serovar Agama, Yersinia pestis and all of Escherichia. 62 
Results
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Overview of EnteroBase 64 The Enterobase back-end consists of multiple, cascading automated pipelines records, and attempts to transcribe it automatically into Enterobase metadata format 77 ( Supplemental Tables S2, S3 ). During the conversion, geographic metadata are 78 translated into structured format using the Nominatim engine offered by 79 OpenStreetMap (OpenStreetMap contributors 2017) and the host/source metadata 80 are assigned to pre-defined categories using a pre-trained Native Bayesian classifier 81 implemented in the NLTK Natural Language Toolkit for Python (Bird et al. 2009 ) 82 (Supplemental Material, Supplemental Fig. S3 ; estimated accuracy of 60%). 83 Registered users can upload their own Illumina short reads and metadata into 84 EnteroBase; these are then processed with the same pipelines. 85 The annotated genomes are used to call alleles for Multilocus Sequence Typing 86 (MLST) (MLSType; Fig. S2B ) and their Sequence Types (STs) are assigned to 87 population groupings as described below. Salmonella serovars are predicted 88 from the legacy MLST eBurstGroups (eBGs), which are strongly associated with 89 individual serovars (Achtman et al. 2012) , or by two external programs (SISTR1 90 (Yoshida et al. 2016; Robertson et al. 2018 (ClermonTyping (Beghain et al. 2018) ; EZClermont (Waters et al. 2018) ) and 95 fimH type by a third (FimTyper (Roer et al. 2017) ). By default, public free access 96 to strain metadata and the genome assemblies, predicted genotypes and 97 predicted phenotypes is immediate, but a delay in the release date of up to 12 98 months can be imposed when uploading short read sequences. 99 In September 2019, EnteroBase provided access to 364,690 genomes and their 100 associated metadata and predictions (Table 1) . In order to allow comparisons 101 5 with historical data, EnteroBase also maintains additional legacy 7-gene MLST 102 assignments (and metadata) that were obtained by classical Sanger sequencing 103 from 18,478 strains, 104 Ownership, permanence, access and privacy. EnteroBase users can upload 105 new entries, consisting of paired-end Illumina short reads plus their metadata. 106 Short reads are deleted after genome assembly, or after automated, brokered 107 uploading of the reads and metadata to the European Nucleotide Archive upon 108 user request. 109 The search and graphical tools within EnteroBase include all assembled 110 genomes and their metadata, even if they are pre-release. However, ownership 111 of uploaded data remains with the user, and extends to all calculations 112 performed by EnteroBase. Only owners and their buddies, admins or curators 113 can edit the metadata. And only those individuals can download any data or 114 calculations prior to their release date. In order to facilitate downloading of post-115 release data by the general community, downloads containing metadata and 116 genotypes or genomic assemblies are automatically stripped of pre-release data 117 for users who lack ownership privileges. Similarly, pre-release nodes within trees 118 in the GrapeTree and Dendrogram graphical modules must be hidden before 119 users without ownership privileges can download those trees. 120 In general, metadata that were imported from an SRA are not editable, except 121 by admins and curators. However, the admins can assign editing rights to users 122 with claims to ownership or who possess special insights.
123
MLST Population structures. Each unique sequence variant of a gene in an 124
MLST scheme is assigned a unique numerical designation. 7-gene MLST STs 125 consist of seven integers for the alleles of seven housekeeping gene fragments 126 (Maiden et al. 1998) . rSTs consist of 51-53 integers for ribosomal protein gene Salmonella, which are largely consistent with eBGs or their sub-populations 136 (Alikhan et al. 2018) . The EnteroBase Nomenclature Server (Fig. S1 with Salmonella indicates that HC2850 corresponds to subspecies, HC2000 to 161 super-lineages (Zhou et al. 2018c ) and HC900 to cgMLST versions of eBGs. 162 Long-term endemic persistence seems to be associated with HC100 or HC200; 163 and epidemic outbreaks with HC2, HC5 or HC10. Eleven levels are reported for 164 the other genera, ranging from HC0 up to HC2350 for Escherichia, HC2500 for 165 Clostridioides and HC1450 for Yersinia. Escherichia HC1100 corresponds to ST 166 Complexes (man. In prep.) and the correspondences to population groupings in 167 Clostridioides are described elsewhere (Frentrup et al. 2019 (https://tinyurl.com/EnteroBase-WS). However visual scanning of 1,000s of 221 entries is inefficient. EnteroBase therefore offers powerful search functions 222 (https://tinyurl.com/EnteroBase-search) for identifying isolates that share common 223 phenotypes (metadata) and/or genotypes (experimental data). 224 EnteroBase also predicts serovars from assembled Salmonella genomes and 225 from MLST data. However, the software predictions are not fail-proof, and many 226 entries lack metadata information, or the metadata is erroneous. We therefore 227 used the Search Strains dialog box to find entries containing "Agama" in the uploading. The new entries were added to the 'All Agama Strains' workspace. 251 The final set of 345 isolates had been isolated in Europe, Africa and Australia, 252 with collection years ranging from 1956 to 2018 ( Supplemental Table S3 ).
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Global population Structure of Agama. We created a neighbor joining 254 GrapeTree (Zhou et al. 2018a) of cgMLST data to reveal the genetic 255 relationships within serovar Agama. Color coding the nodes of the tree by 256 SISTR1 serovar predictions confirmed that most isolates were Agama (Fig. 3A) . 257 However, one micro-cluster (shaded in light orange) consisted of seven 258 monophasic Agama isolates with a defective or partial fljB (H2) CDS, which 259 prevented a serovar prediction. SISTR1 also could not predict the O antigens of 260 three other related isolates (arrows in Fig. 3 ). Sixteen other isolates on long 261 branches were assigned to other serovars by SISTR1 ( Fig. 3A , grey shading).
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Comparable results were obtained with SeqSero2 or eBG serovar associations, 263 and these sixteen isolates represent erroneous Serovar assignments within the 264 metadata. Interestingly, three of these erroneous Agama had the same 265 predicted antigenic formula (1,4,[5] ,12:i:-) as the monophasic Agama isolates 266 (orange shading), but these represent monophasic Typhimurium. 267 In contrast to serovar, coloring the tree nodes by HC2000 clusters (Fig. 3B ) 268 immediately revealed that all genomes that were called Agama by SISTR1 269 belonged to HC2000 cluster number 299 (HC2000_299), and all HC2000_299 270 were genetically related and clustered together in the tree (Fig. 3B ). In contrast, 271 the 16 other isolates on long branches (gray shading) belonged to other HC2000 272 clusters. 273 These results show that Agama belongs to one super-lineage, HC2000_299, 274 which has been isolated globally from humans, badgers, companion animals (Table   404 1) now provides an opportunity to re-investigate the population structure of Case Study 1 may also become a paradigm for identifying long-distance chains 482 of transmission between humans or between humans and their companion or 483 domesticated animals: Four Agama isolates in the HC5_140035 cluster from 484 France (human) and Austria (frozen chives and a human blood culture) differed 485 by no more than 5 of the 3,002 cgMLST loci. These isolates also differed by no 486 more than 5 non-repetitive core SNPs. We anticipate that large numbers of such 487 previously silent transmission chains will be revealed as EnteroBase is used 488 more extensively. are publicly available (http://tinyurl.com/ECOR-Plus), and can serve as a 510 reference set of genomes for future analyses with other methods. 511 Visual examination of an NJ tree of cgMLST allelic diversity color-coded by 512 HierCC HC1100 immediately revealed several discrete E. coli populations that 513 have each been the topics of multiple publications (Fig. 6 ). These included a 514 primary cause of hemolytic uremic syndrome (O157:H7), a common cause of 515 invasive disease in the elderly (the ST131 Complex), as well as multiple distinct 516 clusters of Shigella that cause dysentery. However, it also contains multiple 517 other discrete clusters of E. coli that are apparently also common causes of 518 global disease in humans and animals but which have not yet received 519 comparable attention. The annotation of this tree would therefore be a laudable 520 task for the entire scientific community interested in Escherichia. We also note 521 that HierCC is apparently a one stop, complete replacement for haplogroups, 522 Clermont Typing and ST Complexes, some of whose deficiencies are also 523 illustrated here. The browser-based interface visualizes sets of strains (one Uberstrain plus any number of sub-strains) each containing metadata, and their associated experimental data and custom views. Post-release data can be exported (downloaded) as genome assemblies or tab-delimited text files containing metadata and experimental data. Metadata can be imported to entries for which the user has editing rights by uploading tab-delimited text-files. C) Search Strains supports flexible (AND/OR) combinations of metadata and experimental data for identifying entries to load into the spreadsheet. Find ST(s) retrieves STs that differ from a given ST by no more than a maximal number of differing alleles. Locus Search uses BLASTn (Altschul et al. 1990 ) and UBlastP in USEARCH (Edgar 2010) to identify the MLST locus designations corresponding to an input sequence. Get at this level: menu item after right clicking on experimental MLST ST or cluster numbers. D). UserSpace OS. A file-explorer like interface for manipulations of workspaces, trees, SNP projects and custom views. These objects are initially private to their creator, but can be shared with buddies or rendered globally accessible. E) Processes and analyses, EnteroBase uses EToKi and external programs as described in Supplemental Fig. S1 . F) Visualization. MLST trees are visualized with the EnteroBase tools GrapeTree (Zhou et al. 2018a) and Dendrogram, which in turn can transfer data to external websites such as MicroReact (Argimon et al. 2016).
subsp. Figure 2 . The hierarchical cgMLST clustering (HierCC) scheme in Enterobase. A) A screenshot of Salmonella cgMLST V2 plus HierCC V1 data for five randomly selected genomes. The numbers in the columns are the HierCC cluster numbers. Cluster numbers are the smallest cgMLST ST number in single-linkage clusters of pairs of STs that are joined by up to the specified maximum number of allelic differences. These maximum differences are indicated by the suffix of each HC column, starting with HC0 for 0 cgMLST allelic differences through to HC2850 for 2850 allelic differences. The cluster assignments are greedy because individual nodes which are equidistant from multiple clusters are assigned to the cluster with the smallest cluster number. B) Interpretation of HierCC numbers. The assignments of genomic cgMLST STs to HC levels can be used to assess their genomic relatedness. HC0 indicates identity except for missing data. The top two genomes are both assigned to HC10_306, which indicates a very close relationship, and may represent a transmission chain. The top three genomes are all assigned to HC900_2, which corresponds to a legacy MLST eBG. HC2000 marks super-lineages (Zhou et al. 2018c ) and HC2850 marks subspecies. This figure illustrates these interpretations in the form of a cladogram drawn by hand. . Arrows indicate isolates whose serovar was not predicted. Orange shading emphasizes 1,4,[5],12:i:-isolates that were monophasic Agama. Gray shading indicates isolates with incorrect Serovar metadata, including 1,4,[5],12:i:-isolates that were monophasic Typhimurium (arrow). B) Color-coding by HC2000 cluster. All Agama entries are HC2000_299, as were the genetically related entries marked with arrows or emphasized by orange shading. Entries from other serovars (gray shading) were in diverse other HC2000 clusters. The dashed box indicates a subset of Agama strains within HC400_299, including all isolates from badgers, which were chosen for deeper analyses in Fig. 4 . Scale bar: number of cgMLST allelic differences. Figure 5 . Maximum-Likelihood tree of modern and ancient genomes of Y. pestis. EnteroBase contained 1,368 ancient and modern Yersinia pestis genomes in October 2019, of which several hundred genomes that had been isolated in Madagascar and Brazil over short time periods demonstrated very low levels of genomic diversity. In order to reduce this sample bias, the dataset used for analysis included only one random representative from each HC0 group from those two countries, leaving a total of 622 modern Y. pestis genomes. 56 ancient genomes of Y. pestis from existing publications were assembled with EToKi (see Methods), resulting in a total of 678 Y. pestis genomes plus Yersinia pseudotuberculosis IP32953 as an outgroup (https://tinyurl.com/YpestisWS). The EnteroBase pipelines (Fig. S2D) were used to create a SNP project in which all genomes were aligned against CO92 (2001) using LASTAL. The SNP project identified 23,134 non-repetitive SNPs plus 7,534 short inserts/deletions over 3.8 Mbps of core genomic sites which had been called in ≥95% of the genomes. In this figure, nodes are color-coded by population designations for Y. pestis according to published sources (Morelli et al. 2010; Cui et al. 2013; Achtman 2016) , except for 0.PE8 which was assigned to a genome from 1, 918-1754 BCE (Spyrou et al. 2018 ). The designation 0.ANT was applied to Y. pestis from the Justinianic plague by Wagner et al. 2014, and that designation was also used for a genome associated with the Justinianic plague (DA101) that was later described by Damgaard et al., 2018 as 0.PE5. 
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